Abstract-Passive UHF RFID tags, beside item labelling, are also able to exploit capability of sensing the physical state of the tagged object as well as of the surrounding environment. Here a family of polymer-doped tags are proposed and fully characterized for the detection of ambient humidity. A sensitive chemical species based on PEDOT:PSS is used to dope a properly shaped slot carved into a folded-like patch tag. The sensing capabilities of the radio-sensor are investigated by means of measurements for different quantities of sensitive material and in cyclic exposures. The device could have interesting application in the assessment of the air quality in living and controlled rooms, in the monitoring of the conservation state of foods, in the preservation of walls, and even to monitor the healing degree of wounds.
I. INTRODUCTION
The possibility to use passive RFID tags as sensors [1] has been very recently investigated for the wireless observation of several process in evolutions. In particular, sensitive materials may be integrated together with the tag's antenna at the purpose to transduce chemical/physical variation into changes of the tags' radiation performances. Some preliminary experiments with dipoles loaded by carbon nanotubes demonstrated the possibility to sense the presence of toxic gas in the air [2] while the use of shape memory alloys enabled the threshold monitoring of environmental temperature [3] . It is hence feasible to imagine many applications to the monitoring of the environmental conditions by pervasively distributed lowcost sensors within houses, warehouses and workplaces in general.
Another interesting parameter to be sensed is the humidity. Early prototypes involve sensitive coating or substrates [4] , [5] whose electric parameters change because of the absorption of water. As a consequence, the electromagnetic variation of the tag's response (related to impedance and gain) can be remotely detected by the reader. The effects of water absorption were evaluated in term of turn-on power and frequency shift, however no attempt was done to relate the achievable sensitivity to the amount of sensing materials and to characterize the dynamic response of such class of devices to cyclic stimulations.
In this view, this work explores the integration of ad-hoc designed UHF (870MHz) RFID tags together with sensitive polymers to achieve a fully controllable humidity sensor, reducing the amount of chemical matter to small regions in the close proximity of the microchip. The effective sensing performances are moreover finally experimented during cyclic exposures which permit to evaluate the phenomena of recovery and hysteresis.
II. RFID SENSING EQUATIONS
Since the two-way RFID reader-tag link is strictly dependent on the variation of local relative humidity RH 1 [1] , it is possible to easily define some sensing indicators directly derivable from the reader's measurements.
A first parameter is the turn-on power P to in [RH] , e.g. the minimum input power P in through the reader's antenna required to activate the tag's microchip:
where d is the reader-tag distance, G R (θ, φ) is the gain of the reader antenna, G T (θ, φ) [RH] is the gain of the tag's antenna, η p is the polarization mismatch between the reader and the tag, P chip is the IC's sensitivity and τ [RH] is the power transmission coefficient of the tag :
with Z chip input impedance of the RFID integrated circuit (IC) and Z A input impedance of the antenna.
From turn-on measurement it is possible to extract the realized gain of the tag G τ [RH] , e.g. the gain of the tag scaled by the mismatch to the IC, strictly correlated to the physical variation of the local environment:
By considering the backward link, it is possible to introduce another sensing indicator directly measurable by the reader in term of the Received Signal Strength Indicator (RSSI): the normalized backscattered power p BS [RH] , e.g the ratio between the power from the tag to the reader P R←T [RH] and the power entering into the reader's antenna P to in :
III. THE H-SLOT LOADED TAG
The proposed device is a modified version of the wearable antenna presented in [6] : a folded planar structure over a Teflon substrate 4mm thick, provided with a radiating edge and a sensing H-shaped slot, wherein sensitive polymers can be spread (Fig. 1 ). Since the glasses-like slots act as an impedance transformer and host high value of electric field [2] , the sensitive polymers are thus placed just within it. In order to reduce the area of chemical deposition and increase the sensitivity of the device, two rectangular conductive patches have been added inside the H-slot. In this way, the current is forced to flow with opposite phases along the outer and inner perimeters of the slot and hence each half glasses-like profile may be considered as a combination of six slotlines whose characteristic impedances are affected by the dielectric properties of the polymer spread on top. The tag can be hence described by means of the same equivalent circuit proposed in [6] .
In this prototype, the sensing window of the Tag is coated by PEDOT/PSS in the commercial species Clevios PH 500, a homogenized water based dispersion [7] generally used for conductive coatings with a PEDOT to PSS ratio of 1:2.5. PEDOT is interesting for its conductive feature, whereas PSS exhibits the water's absorption capacity [8] .
IV. EXPERIMENTAL CHARACTERIZATION A first prototype of the proposed tag, shown in Fig. 2 , has been designed and fabricated according to the guidelines described in [6] (size listed in Table I ). The tag is matched to the G2iL NXP IC with Z chip = 26 − j227Ω and power sensitivity P chip = −18dBm. The design procedure has been optimized for the unloaded tag, i.e. without polymer spread on the H-slot.
The communication features of the unloaded tag was characterized for what concerns the realized gain G τ (3) by means of both simulations and measurements. Simulations were performed by a Finite-Difference Time-Domain (FDTD) tool. The measurements were carried on by means of a UHF long-range reader based on the ThingMagic M5-e ASIC whose ouput power can be controlled by steps of 0.5dBm. The sensor tag was interrogated by means of a 5dB linear polarized patch antenna connected to the reader and placed 50cm apart from the tag itself. Ground and walls reflections were minimized by using absorbing panels. The realized gain was hence estimated according to the turn-on method [9] . Results are shown in Fig.3 .
From (1) it is possible to determine the maximum activation distance, d max = 8m, by considering 3.2W EIRP, e.g.the maximum emitted power from the reader allowed by European regulations.
The sensing capabilities of the proposed RFID sensor have been experimentally evaluated when the tag is inserted into a closed plastic chamber partially filled with water (Fig. 4) . When the chamber is closed, the humidity percentage tends to RH=100% (wet air), while in case the cover is removed the humidity is that of the ambient air ( RH =50%). The former case is referred to as exposure, while the latter as recovery. Cyclic exposures may be easily achieved by opening/closing the cap.
A. Sensitivity versus the amount of polymer
The sensing performances of the RFID tag have been dynamically analyzed, i.e. when the humidity inside the box of Fig. 4 gradually changes from ambient conditions up to saturation, versus the amount of polymer deposited into the H-slot. Fig. 5 shows the measured variation of the turn-on power P to in [RH] with respect to the increase of humidity for three different polymer depositions. In each case the frequency that guarantees the largest range of variation, i.e the frequency of the minimum turn-on power, has been selected for the measurement. All the configurations are suitable to sense the variation of the humidity according to the typical exponential profiles of conventional active sensors. During the exposure process (t = 60min) the turn-on power increases of about 3.5dB ÷ 6dB depending on the specific PEDOT:PSS deposition. The wider is the area covered by the polymer, the greater is the water absorption and thus the variation of the radiation performances of the sensor. The sensor's response indeed saturates for a higher humidity percentage. It is moreover worth noticing that during the early grade of the exposure, e.g. for 50%<RH<75% (t < 10min) the slopes of the curves A and B are completely overlapped. Hence a similar response may be achieved by using just half the maximum amount of the polymer, with benefit to the possible communication range. Finally, from observation of curve E, it is apparent that even a single drop of polymer placed right under the IC offers the possibility to detect the humidity's change even if at the cost of a smaller sensitivity and dynamic range. The stairstep distribution of the measurement data is due to the limited resolution (0.5dBm) of the commercial UHF reader. Top) Measured variation of humidity inside the plastic box containing the RFID radio-sensor. Bottom) Turn-on power normalized with respect to its initial value, e.g at ambient RH, for three different polymer depositions into the H-slot. Measured data (discontinuous dots) have been fitted by a mean square interpolation.
B. Response to cyclic exposure
Reproducibility, recovery, and hysteresis of the proposed RFID sensor have been tested by set up a cyclic exposure of humidity with two periods of different durations between wet and dry air. An intermediate tag layout (case B of Fig.5 ) has been considered for the purpose of turn-on power and backscattered power measurements. The achieved profiles are visible in Fig.6 for the selected frequency 880MHz which ensures the strongest signals variation during the process. The change of the RFID powers reasonably follows the variation of the humidity. The recovery process at RH=50% takes place after the two cycles of humidity exposure during T 1 < t < T 2 and T 3 < t < T 4 . As the box is removed the relative humidity drops down to the value of ambient air and hence the radio sensor starts its recovery. After 60min the recovery can be considered completed. However, just 5min are enough for the sensor to recover 3dB of turn-on power and 4dB of the backscattered power. The effects are reversible, with a negligible hysteresis. Once the baseline value has been reached, the response remains stable with only 1dB difference between the beginning and the end of the process.
Finally, to double-check the true effectiveness of the doped tag against other external bias, not depending on the polymer itself, also a "blank" tag subjected to the same cyclic exposure as before has been considered. The formation of water drops over the copper produces a kind of variation of the response, even in absence of polymer, but the overall measured change, for instance concerning the backscatterd power (see again Fig.6 ), is negligible in comparison with the measured dynamics of the true polymer-doped tags. 
V. CONCLUSIONS
The complete integration of PEDOT:PSS into RFID tag has been here reported for the first time aiming to design and test a passive radio-sensor suitable to monitor the local humidity. Sensing performances and cyclic exposures have been jointly analyzed, leading to a fully working prototype, whose sensitivity and dynamic range can be controlled by the amount and the displacement of polymer into the sensing slots.
The proposed sensor layout is completely unspecific; the PEDOT:PSS itself, being sensitive to several parameters (temperature, humidity, organic gases) could be used for different sensing purposes or the tag could be doped by means of different sensitive chemical species eventually properly functionalized.
Thanks to the presence of the ground plane, which decouples the antenna from its location, this kind of tag is moreover suitable to environmental and body-centric applications. It could be disseminated into the environment, e.g integrated into walls, infrastructures and devices or attached onto the human body as well as embedded into plasters or bandages to remotely monitor the healing grade of wounds.
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